Abstract: Betulin, betulinic acid and lupeol are naturally occurring pentacyclic triterpenoids with significant medicinal values. Great amounts of triterpenoids are found in the bark of white birch (Betula platyphylla Suk.) trees, which can be affected by climatic factors along the geographical gradients. In this study, site-based data of triterpenoids' (betulin, betulinic acid and lupeol) concentrations were determined in barks of white birch trees from 48 sites in Northeast China. Triterpenoid concentration in white birch tree barks did not change in response to any geographical gradients along latitudes, longitudes or elevations. Instead, concentrations of betulin and lupeol in birch tree barks increased with the increase of temperature and precipitation but declined with the increase of relative humidity. As a result, betulin concentration was higher in birch trees in the northeastern and southwestern parts of the study area, and lower in the central part of the study area in Northeast China. Although betulinic acid concentration did not change with climatic factors, its distribution pattern was similar to betulin concentration. Lupeol concentration was highest in the north-eastern part and along the southern and eastern boundaries in the study area. Our results can supply information for precondition of triterpenoids' extraction for industrial production, which can be an available approach to solve the issue of bark waste processing of white birch.
Introduction
The white birch is widespread in the northern latitudes of the world and represents an abundant and currently under-utilized natural resource [1] . Birch tree bark (BTB) is not only a kind of large-scale timber-processing waste but also a source of valuable extractive components [2] . Triterpenoid is one of main extractive components from BTB which may account for up to 30% (weight percent) of the dry mass in exfoliated narrow foils. Triterpenoid compounds are abundant in natural sources and have a wide variety of pharmacological uses. Mostly, triterpenoids are extracted to develop new anticancer drugs [3] . Betulin (C 30 H 50 O 2 ) and betulinic acid (C 30 H 48 O 3 ) are naturally occurring pentacyclic triterpenoids that have significant cosmetic, medicinal and economic values [4] [5] [6] [7] . Betulin is a component of cosmetic powders and other cosmetic products [5] . Betulin can be used to inhibit the
Materials and Methods

Study Area
The current study was performed in northeast China (38 • 41 -53 • 33 N, 118 • 50 -135 • 4 E). The study area covers Heilongjiang and Jilin Provinces with a total geographical area of 7.9 × 105 km 2 . The landscape is characterized by plains and mountains with elevations ranging from 3 to 1017 m. The annual temperature varies between −4.7 • C and 10.7 • C, and annual precipitation ranges from 400 to 900 mm. The precipitation is distributed mainly in the crop-growing season from April to August. The mean precipitation during this period ranges from 338 mm per year in the northwest to 866 mm per year in the southeast. The summer precipitation varies from 290 to 533 mm per year, accounting for 78% of the total precipitation during the plant-growing season. 
Study Sites and Sample Collection
The following criteria were used for birch tree site determination: all sites were part of pure birch forests (the coverage of birch trees was over 80%) and represent the early successional development stage. Following a survey, 45 sites were chosen in regions of Xing'an Mountain in Heilongjiang Province and Changbai Mountain in Jilin Province, China with three additional sites located in urbanized regions of Inner Mongolia Autonomous Region (Table 1) . Therefore, data for BTB triterpenoid concentrations can represent the large-scale patterns of distribution across three main forest types in Northeast China (Figure 1 ). The white birch bark samples were collected in the 48 sites from June to July in 2009 and 2010. In each site, barks were collected from 20-30 adult trees and 15-20 cm in diameter at breast height (DBH, 1.3 m above the ground). Exfoliated narrow foils of 5 cm in length and width were sampled. A forest inventory was conducted in each site and the weight of the triterpenoids per square meter in the white birch bark were calculated by selecting median trees for estimating the amounts of the triterpenoids per tree and per hectare. 
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Extraction and Determination of Triterpenoids
Both methods of extraction and determination of triterpenoids were adapted and modified from Wang et al. [6] . Bark samples were cut into pieces and ground into powders for 10 min with the presence of liquid nitrogen (N). Smashed samples were passed through a 40-mesh screen and incubated in flasks by a ventilated-oven (WG71 Electric Thermostats, Taisite, Tianjin, China) at 80 • C until weight was unchanged. Dried samples were moved to 10-mL stoppered conical flask and extracted in 10 mL ethanol (95%, v/v) with ultrasonic bath (Shumei, Kunshan, China) at 40 Hz. The extracts were filtered through 0.45 µm membranes and reserved at 0-4 • C.
The determination was performed using a HPLC system (Water, Milford, MA, USA) consisting of a Waters 600 Multisovent Delivery System, a Waters 2707 Autosampler, a Waters Analytical Column Oven, and a Waters 2996 PDA Detector. HPLC-grade acetonitrile (J.T. Barker, Philipsburg, NJ, USA) was employed. Data were gathered and processed using Empower 3 Chromatography Data Software.
Standard substances of betulin, betulinic acid and lupeol were purchased from Sigma-Aldrich Chemical Corporation (Sigma, St. Saint Louis, MO. USA). Standard substances were dissolved respectively in High Performance Liquid Chromatography (HPLC)-grade ethanol as mother liquors in concentrations of 2.5 mg mL −1 for betulin and 1 mg mL −1 for both betulinic acid and lupeol. Solutions were filtered through 0.45 µm organic liquid membranes and diluted to the volume of 3000 µg mL −1 for betulin, 300 µg mL −1 for betulinic acid and 1200 µg mL −1 for lupeol. Standard solutions and samples were both injected into the chromatograph for determination. The chromatographic peaks of objective compounds were confirmed by matching the retention time and UV wavelength. Quantification was carried out by integration of the peaks using the external standard method for calculation of correlation coefficients (r 2 ), limit of detection (LOD) and limit quantity (LOQ).
Statistical Analysis
Concentrations of triterpenoids in BTB were interpolated by kriging using ArcGIS software version 9.3 (Esri China Information Technology Co. Ltd., Beijing, China) to generate their spatial patterns in the study area of Northeast China. Statistical correlations were detected with climatic indices (i.e., temperature, precipitation and humidity) and geographical indices (i.e., longitude, latitude and elevation) of sampling sites as independent variables, and concentrations of triterpenoids as dependent variables. Both Pearson and Spearman correlation models were employed to ensure either linear or non-linear correlation can be found. When significant correlation was indicated, dependent and independent variables were used to find the fit curve and fit model parameters for scattered plots using Sigmaplot v. 12.0 (Systat Software Inc., San Jose, CA, USA). Stepwise linear correlations were carried out to detect the geographical and climatic variables accounting for the most variations of data with the statistical software of SPSS v. 19.0 (IBM Analytics Inc., New York, NY, USA).
Results
General Description of Data About Geographical and Climatic Factors
All sites in our study locate between latitudes 41 • and 53 • N ( Table 2) where most lands are covered by deciduous broad-leaved forest and coniferous forest (Figure 1 ). Site altitudes ranged from 60 m to 1000 m (Table 1) . Annual temperature was lower than that of the whole area of Northeast China (5.6-9.4 • C) because most of our sites are located in montane areas with few urbanized lands. Relative humidity is higher than that of urban environments of Northeast China (~40%) because montane precipitation falls into the high level of regional rainfall records. The maximum concentration values of betulin and betulinic acid were moderately higher than the minimum concentration values by 102% and 247%, respectively (Table 2) . However, the variation of lupeol concentration values was greater than that of betulin and betulinic acid and the maximum value was 4.7-fold higher than the minimum one. 
Spatial Distribution of Climatic Factors
Temperature declined with the increase of latitude degree in the study area (Figure 2a ). Nearly 60% of the study area has an annual temperature of 0-6 • C. Relative humidity did not show an apparent latitudinal pattern across the study area (Figure 2b ). Instead, relative humidity tended to be higher in the west of the study area, decreased in the central area, and increased again in the eastern part. Like the geographical change of temperature, precipitation also declined with the increase of latitude degree ( Figure 2c ).
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Spatial Distribution of Concentrations of Three Triterpenoids
White birch trees distributed in the northeastern and southwestern parts of the study area generally had higher concentrations of betulin and betulinic acid in barks than those in other parts (Figure 3a,b) . Lupeol concentration in barks of white birch trees was higher in the northeastern part of the study area and along the southern and eastern boundaries of the study area. White birch trees in the northern part of the study area had the lowest concentration of three triterpenoids, while those in the central part of the study area, that is, the southern area of Heilongjiang Province and the northeast area of Jilin Province, also had low concentrations of triterpenoids; this was despite the fact that the low concentration area of betulinic acid was much smaller than that of the other two triterpenoids (Figure 3 ).
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The Relationship Between Climatic Factors and Concentrations of BTB Triterpenoids
None of geographical indices of latitude, longitude nor elevation were detected to have significant correlation with either of three triterpenoids' concentrations (Table 3) . Also, all three geographical indices were treated as excluded variables from the stepwise regression model. Stepwise correlation analysis indicated that the model with precipitation accounted for 12.1% of variation in data of betulin concentrations (F = 6.307, p = 0.016). Another stepwise correlation analysis indicated that the model with temperature and relative humidity together accounted for 37.3% (F = 13.394, p < 0.001) of variation in data of lupeol concentrations. None of the explanatory variables about climatic factors were able to be entered into any model explaining variation of data of betulinic acid concentrations at the probability level of 0.05 by stepwise regression analysis. 
None of geographical indices of latitude, longitude nor elevation were detected to have significant correlation with either of three triterpenoids' concentrations (Table 3) . Also, all three geographical indices were treated as excluded variables from the stepwise regression model. Stepwise correlation analysis indicated that the model with precipitation accounted for 12.1% of variation in data of betulin concentrations (F = 6.307, p = 0.016). Another stepwise correlation analysis indicated that the model with temperature and relative humidity together accounted for 37.3% (F = 13.394, p < 0.001) of variation in data of lupeol concentrations. None of the explanatory variables about climatic factors were able to be entered into any model explaining variation of data of betulinic acid concentrations at the probability level of 0.05 by stepwise regression analysis. Table 3 . R values from correlation between concentrations of three triterpenoids (betulin, betulinic acid and lupeol) in white birch trees and climate factors in Northeast China (n = 48). Climatic indices of temperature and precipitation had positive correlation with concentrations of betulin and lupeol, while humidity had negative correlation with concentrations of these two triterpenoids (Table 3) . Both temperature and precipitation had positively linear relationships with betulin concentration, and the slope for temperature was higher than that for precipitation (Figure 4a,c) . Relative humidity had a negative linear relationship with betulin concentration (Figure 4b ). Both temperature and relative humidity had significant correlations of exponential growth with lupeol concentration, but the former correlation was positive while the later was negative (Figure 4a,b) . Precipitation had a positive linear correlation with lupeol concentration (Figure 4c ), although its slope was about one third of that in the correlation between precipitation and botulin. 
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Discussion
Thus our data were insufficient to report soil characteristics which have a strong effect on secondary metabolites production in montane trees. However, former studies revealed that soil inorganic carbon (C) ranged between 0.5-2 kg cm −2 , soil organic C ranged between 0.35-2.42 kg cm −2 , and the distribution of both these parameters had the least variation in all of the national territory of mainland China [22, 23] . In addition, other soil properties, such as N content and pH value, were all well correlated with soil C storage in our study region, which were all concentrated in a given range without large variation of data [24] .
The average of our betulin concentration was 80% higher than that of birch trees of the Western Carpathians (101.82-165.60 mg g −1 ) [14] , and 113% higher than that of other studies in Northeast China (113-202 mg g −1 by Zhao et al. [1] ; 22.02-29.52 mg g −1 by Wang et al. [6] ). However, our betulin concentration was only about one third of that in barks of birch (Betula pendula Roth.) trees in Russia using a new extraction procedure [2] . The value of betulinic acid concentration in our study was about 10 times of that (2.08-2.70 mg g −1 ) in Wang et al. [6] and two times of that in Holonec et al. [14] (11.15-14.68 mg g −1 ) and Zhao et al. [1] (12.2-18.6 mg g −1 ) . Our lupeol concentration was comparable with that (2.7-5.0 mg g −1 ) of Popov et al. [2] , although authors therein employed an extractant recycle. According to our results, high concentration of betulin in our study can be determined by regional climatic factors which together contribute to the natural synthesis and accumulation of betulin compounds. The relatively higher concentration of betulin 
The average of our betulin concentration was 80% higher than that of birch trees of the Western Carpathians (101.82-165.60 mg g −1 ) [14] , and 113% higher than that of other studies in Northeast China (113-202 mg g −1 by Zhao et al. [1] ; 22.02-29.52 mg g −1 by Wang et al. [6] ). However, our betulin concentration was only about one third of that in barks of birch (Betula pendula Roth.) trees in Russia using a new extraction procedure [2] . The value of betulinic acid concentration in our study was about 10 times of that (2.08-2.70 mg g −1 ) in Wang et al. [6] and two times of that in Holonec et al. [14] Forests 2017, 8, 334 9 of 12 (11.15-14 .68 mg g −1 ) and Zhao et al. [1] (12.2-18.6 mg g −1 ). Our lupeol concentration was comparable with that (2.7-5.0 mg g −1 ) of Popov et al. [2] , although authors therein employed an extractant recycle. According to our results, high concentration of betulin in our study can be determined by regional climatic factors which together contribute to the natural synthesis and accumulation of betulin compounds. The relatively higher concentration of betulin acid in our study than others' was because betulinic acid is the oxidation product of botulin. Recent studies reported that lupeol can also be converted from betulin [25] . Therefore, the abundant reserve of betulin may also be the precondition of lupeol accumulation in white birch trees in Northeast China.
Former studies have indicated that concentrations of triterpenoids in BTB can change strikingly depending on the location and resulting geographically distribution patterns with different concentrations [1, 14] . In the forest areas of the Western Carpathians, the betulin concentration in BTB was found to be highest in the western part and declined in the east, while the betulinic acid concentration was found to be highest in the central part and lower in the surrounding parts [14] . In another area in Northeast China, Zhao et al. found both declines of betulin and betulin acid concentrations from the north to the south across general data from provinces [1] . The distribution pattern of betulin concentration in our study concurs with others in the Western Carpathians [14] if data from northern sites in Jilin Provinces were excluded from the database (Figure 3 ). However, our distribution pattern of betulinic acid concentrations agreed with the one in Holonec et al. [14] . In contrast, none of our distribution patterns were similar to those found by Zhao et al. [1] . The most likely explanation of difference of triterpenoid concentrations in BTBs among studies was sampling intensity. Our sampling site number (n = 48) was much higher than that in Holonec et al. [14] (n = 10) and Zhao et al. [1] (n = 3); hence, our results regarding geographical distribution were more reliable.
Studies reported that birch trees can respond to geographical gradient [26, 27] . Kozlov found that with the increase of latitude degree herbivory-caused loss of leaf area in B. pubescens decreased [26] . Stark et al. reported that foliar quercetin concentration in B. pubescens increased with latitude [27]. Although we did not find any trend of changes of BTB triterpenoid concentration along geographical gradients, our results concur with the response of B. pendula [26] . Climatic factors also contributed to significant correlations with birch tree responses even when the response to geographical gradient was significant [26, 27] . It seems that birch response to geographical gradients was mainly driven by climatic factors. For example, geographical changes of foliar quercetin in birch trees were formed by the change of UV radiation along the gradient; this is because flavonoid compounds can protect plant leaves from phytotoxic levels of radiation by absorbing UV radiation, while simultaneously transmitting the photosynthetically active radiation to the chloroplasts [27] . Therefore, the null response of triterpenoid concentration to geographical response in our study was because the changes of climatic factors were not significant enough to drive the change of triterpenoid concentration in birch trees.
In our study, the increases of betulin and lupeol concentrations to temperature (Figures 3a and 4a ) were because high temperature can trigger the synthesis of triterpenoid to prevent thermal damage [18] . In addition, Kylin et al. considered that the increase of terpene content in pine needles during summers with elevated temperature may counteract the volatilization [28] . In contrast, low temperatures can negatively impact the accumulation of triterpenoids [19] . In Northeast China, air temperature tends to elevate sharply beginning in early May, and temperature usually begins to decline in late August. Our results indicate that most of the summer time locally during June and July may be proper to harvest triterpenoids in BTB due to significant increase of accumulation. The low relative humidity can cause a drought event which can promote the synthesis of triterpenoids [17, 20] . Therefore, the negative relationship between relative humidity and betulin and lupeol concentrations (Figures 3b and 4b ) may be shaped by the drought level. It is surprising that precipitation resulted in a positive relationship with triterpenoid concentration. To our knowledge, very little evidence can be found to illustrate this relationship. However, we found that temperature had a positive relationship with precipitation (Pearson correlation, R = 0.621, p < 0.0001). Most likely, the regions in our study contributing to the most proportion of regional rainfall located in the southern part of the study area. As a result, the relationship between precipitation and triterpenoid concentration was mostly affected by regional temperature.
Conclusions
Concentrations of triterpenoids (betulin, betulinic acid and lupeol) in the barks of white birch trees did not change in response to any geographical gradients of latitude, longitude and elevation. Instead, the triterpenoid concentration was significantly correlated with climatic factors of temperature, relative humidity and precipitation. More specifically, concentrations of betulin and lupeol in BTBs increased with the elevation of temperature and precipitation, but declined with the increase of relative humidity. As a result, betulin concentration was higher in birch trees in the northeastern and southwestern parts of the study area and lower in the central part of the study area in Northeast China. Although betulinic acid concentration did not change with climatic factors, its distribution pattern was similar with betulin concentration. Lupeol concentration in barks of white birch trees was higher in the northeastern part of the study area and along the southern and eastern boundaries of the study area. Our results can supply information for precondition of triterpenoids' extraction for industrial production, which can be an available approach to solve the issue of bark waste processing of white birch. However, we failed to find the response of triterpenoids to geographical gradients. This may be because our sites were not located in absolute geographical gradients. Further studies are recommended to be carefully designed to make the distribution of sampling sites more likely along the geographical gradient. Alternatively, climatic factors should be pre-investigated before the collection so as to make the change of environmental parameters more significant along the geographical gradient.
